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ABSTRACT
The analysis of the geometry and tectonics of the Tsona-Chusum rift in southeastern Tibet is of 
significant interest as this unstudied rift may be an excellent model for rift initiation and evolution. 
The Tsona-Chusum rift, lies east of the Yadong-Gulu rift, is ~225 km long and trends roughly 
N10° to 12°E. The rift has three graben segments with an inferred border fault dipping west in the 
upper graben, east in the middle, and west in the lower segment. The rift system changes from 
orthogonal to the extension direction in the lower segment to moderately oblique in the upper 
segment. The results of seismicity, topographic and morphometric  analyses suggest that the dif-
ferent rift segments of Tsona-Chusum rift are tectonically active at varying spatial  scales. A set of 
geomorphic indices suggests active uplift or basin subsidence that more recently created higher 
topography, reflected in the fact that streams have not been able to adjust to the deformation. The 
geometry and tectonics of Tsona-Chusum rift could be an indicator of the early stages of exten-
sion applicable to the evolution of other rift systems in the Tibetan plateau.
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1. INTRODUCTION
 Since the onset of the Indo-Eurasian collision at about ~50 to 55 Ma (Yin & Harrison, 
2000), crustal shortening due to northward movement of the Indian plate relative to stable Eurasia 
at a rate of 35-50 mm yr-1 (DeMets et al., 1994; Larson, et al., 1999; Paul et al., 2001; Wang et 
al., 2001) led to eventual  construction of the Cenozoic Tibetan Plateau. The evidence from Land-
sat imagery, fault-plane solutions of earthquakes, and field observations suggest that the plateau 
experienced widespread extension in the past 10 Ma (An Yin & T. Mark Harrison, 2000). This ex-
tension is expressed by a series of roughly north-south trending rifts in Tibet (Armijo, et al., 1986; 
Molnar & Tapponnier, 1978a; Ni & York, 1978; Armijo et al., 1986; Yin et al., 1999).
 The late Cenozoic north-south trending rifts are a notable feature of the Tibetan 
Himalayan-Tibetan Orogen (Fig. 1a). Our knowledge about these structures has greatly improved 
since its initial  recognition during late 1970s (Tapponnier & Molnar, 1977c; Molnar & Tapponnier, 
1978a; Ni & York, 1978. The progress in knowledge about these structures can be credited to 
several detailed field investigations (Tapponnier et al., 1981; Armijo et al., 1986; Armijo et al., 
1989; Mercier et al., 1987; Yin et al., 1999) and improved quality of Landsat imagery (Rothery & 
Drury, 1984), as well as availability of seismic reflection and refraction data (Cogan et al, 1998). 
 Various studies have tried to constrain the timing of extension in Tibet, e.g. the onset of 
east-west extension is constrained to be ~8 Ma in Nyainquentanghla region of southeast Tibet 
(Harrison, et al., 1992), while initiation of the Yadong-Gulu rift is constrained at about ~12 Ma 
(Edwards & Harrison, 1997). A north-south trending dike swarm which was dated to estimate the 
age of minor extension in southernmost Tibet near Xigaze is emplaced at ~18 Ma (Yin et al., 
1994). Unlike our knowledge about east-west extension in southern Tibet, the studies about the 
rifts in northern Tibet are based mainly on fault plane solutions of earthquakes and interpretations 
of Landsat images (Rothery & Drury, 1984; Armijo et al., 1986; Molnar & Lyon-Caent, 1989).
  The study of the initiation of the east-west extension in Tibet may represent the time 
when the plateau reached its present elevation (Molnar & Tapponnier, 1978a; England & 
Houseman, 1989). Several  studies have attempted to constrain the timing of this extension in Ti-
bet and Himalaya through its relation to the intensification of the Asian monsoon (e.g. Harrison et 
al., 1992, Molnar et al., 1993). Understanding the mechanisms driving the development of Tibetan 
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rifts and their relationship to the rise and fall of the Tibetan Plateau has profound implications for 
climate change (Ruddiman & Kutzbach, 1989; Zhisheng, et al., 2001; Guo et al., 2002)
  One of the foremost and common explanations of the Tibetan extension is gravitational  
spreading of the thick crust (Molnar & Tapponnier, 1978; Dewey, 1988). More recently, the con-
vective removal of the lower mantle lithosphere under the Tibetan plateau has been suggested as 
a mechanism to this extensional process (England & Houseman, 1989). Other researchers argue 
that the formation of the Tibetan rifts is due to local boundary conditions such as oblique conver-
gence or basal shear associated with subduction of the Indian plate under Tibet that led to the 
radial expansion and stretching along the Himalayan arc (Seeber & Armbruster, 1984; Klootwijk et 
al., 1985; Armijo et al., 1986, 1989; Molnar & Lyon-Caen, 1989; Ratschbacher et al., 1994; 
McCaffery & Nabelek, 1998; Seeber & Peecher, 1998). It is possible that any one or some com-
bination of these processes together contributes to crustal  extension in the Tibetan plateau. How-
ever, data about the timing of onset and vertical  extent of the extension is limited and largely dis-
puted.
 Most studies concerning the extensional features in Tibet have focused primarily on ma-
jor rift systems like Yadong-Gulu, Tangra Yumco, Longge, Pumqu-Xianza and Muga-Puruo rift 
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Figure 1. (a) A color-shaded relief map of Tibetan Plateau with active to recently active faults [as 
mapped by Taylor and Yin (2009)]. Black lines with triangles are thrust faults that point in dip di-
rection. Red lines are strike-slip faults, green striped patterns indicate normal faulting and white 
line are the suture zones: Yarlung-Tsangpo suture (YTS), Bangong Nujiang suture (BNS), Jinsha 
suture (JS) and Anyimaqen-Kunlun-Muztagh suture(AMS).
systems (Molnar & Tapponnier, 1978b; Rothery & Drury, 1984). There have been very few studies 
on the Tsona-Chusum rift and previous studies were based on Landsat images (Molnar et al., 
1978; Armijo et al., 1986). Because of the lack of any detailed study such as surface geological 
investigations, the geometry, timing, and magnitude of rifting of Tsona-Chusum rift is poorly con-
strained. 
 The main objective of this study is to characterize the Tsona-Chusum rift to understand its 
overall structure and geometry, and to test the general hypothesis that the rift is tectonically ac-
tive. To achieve this goal, an integration of seismicity, topographic  and stream profile analysis are 
made to examine the depths and distribution of seismic events, the structure & geometry of the 
rift, and investigation of tectonic activity respectively. The seismicity analysis and geomorphic 
metrics in the Tsona-Chusum rift can provide important information about the extension in a 
shortening-parallel orientation.
 This study may be useful as active continental rifting on smaller scales constitute unique 
laboratories to determine the role of different driving forces involved in the early stages of rifting. 
The geometry and tectonics in the Tsona-Chusum rift may represent a snapshot of the early 
stages of extension applicable to the evolution of other rift systems in the Tibetan plateau.
2. STUDY AREA
 Tsona-Chusum rift zone is the easternmost rift in the Tibetan Plateau located east of 
Yadong-Gulu rift in southern Tibet between 91°40’ and 92°30’E and 27°40’N and 29°50’N (Fig. 2). 
It is about 225km long and trends roughly N10° to 12°E. The rift runs from the eastern Gangdese 
batholith zone in the north, across Yarlung Tsangpo River and stretches to the South Tibet De-
tachment into High Himalaya block to the south. Based on initial observations, the rift is divided 
into three graben segments: upper, middle and lower from north to south (Fig. 2a). There is a 
change in fault polarity along strike of each segment, which mirrors the pattern in other rifts 
worldwide such as Rio-Grande rift (Smith et al., 2001).
 The upper segment is located in Wolga region(Chinese:Oiga), north of Yarlung Tsangpo 
River. The graben bounded by an inferred normal fault to the east (hereafter also referred to as 
Upper Eastern Border Fault). The middle segment is located in the Chusum region (Chinese: 
Qusum) of Tibet, south of Yarlung Tsangpo Fault. It is a half graben bounded by an inferred nor-
4
5Figure 2. Location of different graben segments of the Tsona-Chusum rift (a) and geological map 
of the region (b).
a
b
mal fault on the west (hereafter referred to as Middle Western Border Fault). The graben in the 
lower segment is a north-trending basin located in the Tsona region of Tibet (Chinese: Cona). 
Some of the previous studies and maps of active faults in the Tibetan Plateau suggest that the 
north-south trending anticlinal feature in the lower segment is bounded by two normal faults on 
both the sides (Kapp & Guynn, 2004); (Kapp et al., 2008). The fault activity is therefore of interest 
in this study. 
 The geological map of the area (Fig. 2b) suggests that upper segment falls in the Gang-
dese Batholith and is mainly Cretaceous-early-Tertiary Batholith. The middle and lower segment 
are part of the Triassic  to Cretaceous North Indian Margin Sequence, also known as Tethyan Hi-
malayan sequence (Yin, 2006). Also there is a gneiss dome in the middle segment (known as 
Yalaxianbo dome). The geology is uniform and show no major lithological  change within different 
rift segments.
3. DATA SETS AND METHOD
4. 3.1 Data
 The principal dataset used in this study are the earthquake data and the Asian Shuttle 
Radar Topographic  Mission (SRTM) digital  elevation model (DEM). The seismic data were col-
lected through a 50 station broadband array across southeastern Tibet (Eastern Syntaxis Seismic 
experiment) that recorded local, regional and teleseismic events over a 15-month period in 2003 
(Meltzer et al., 2008). In addition, earthquake catalogue data, from National Earthquake Informa-
tion Centre (NEIC) are used to analyze the events that occurred in the study area.
 The SRTM DEM used is a 3 arc-second, which is an approximately 90-meter medium-
resolution elevation data obtained from US Geological Survey’s EROS Data Center. A mosaic 
was created from a dataset of 1-degree tiles covering the whole Tibetan plateau after converting 
the downloaded DEM to grid using ArcInfo.  These unedited elevation datasets were then proc-
essed to fix and fill  any void (areas without data) as they are affected by high topography and 
could affect the analysis. A focal mean algorithm in ArcInfo was repeatedly used to remove any 
void with a moving circular window with a radius of 3 cells. The resultant DEM can be suitably 
used for doing topographic analysis of the study area and to extract stream longitudinal profiles.
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 Using this corrected DEM, a hydrology network was generated using tools available for 
ESRI Geographic Information Systems (GIS). Stream order was defined using GIS-tools employ-
ing the Strahler’s method (Strahler, 1952) of channel ordering. Longitudinal profiles of streams 
originating from the inferred mountain fronts on each of the three segments were extracted using 
EZprofiler-tools for ArcGIS.
3.2 Methods
 An integration of seismicity and geomorphic analysis are performed in this study. The 
depth and distribution of earthquake events provide information about the seismic  activity in the 
rift. Similarly, meaningful tectonic  information can be obtained from parameterization of landscape 
morphology such as mean topographic gradient and drainage pattern analysis.
3.2.1 Seismic Data Analysis
 The spatial and temporal  analyses of seismic data are used to understand the timing, 
location, distribution and depth of different seismic  events in the study area. The distribution of 
seismic events enables the detection of active faults or sometimes in rifts brittle deformation and 
faulting associated with emplacement of dikes and sills. Using double-difference (DD) algorithm 
(Waldhauser & Ellsworth, 2000), the earthquake data collected from the Eastern Syntaxis Seis-
mic  Experiments are relocated by Lucy Brown (personal communication, March, 30, 2011). Hy-
poDD is a Fortran computer program package for relocating earthquakes, which calculates travel 
times in a layered velocity model  for the current hypocenters at the station where the phase was 
recorded. The double-difference residuals for pairs of earthquakes at each station were mini-
mized by weighted least squares using the method of singular value decomposition (SVD) or the 
conjugate gradients method (Paige & Saunders, 1982)
 Shallow earthquakes of less than ~20km depth are an important characteristic of narrow 
rifts (Kearey, 2009). Seismic  events confined to the uppermost 15-20 km of the crust beneath the 
axis of continental rifts delineates a seismogenic  layer that is thin relative to other regions of the 
continent. Rifting and thinning locally weakens the crust and affects its mechanical behavior 
(Kearey et al., 2009).
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8Figure 3. The distribution of seismic  events across the Tsona-Chusum rift. Red circle are the 
NEIC catalogue data, green circles are the events located by the Eastern Sytaxis  Seismic 
Experiment in 2003 & 2004 and yellow dots are two major historical  earthquakes of M>7. AA’, 
BB’,CC’ and XX’ shows the cross section area of seismic depth profile in Fig 4a.
9Figure 4a. The depth distribution of  earthquakes across AA’, BB’, CC’ and XX’ (Fig. 3a) and 
temporal  distribution of the relocated earthquakes recorded by the Eastern Syntaxis Seismic 
Experiment for the time period between July 2003 and October 2004. Earthquakes occur at less 
than 20km of depth and have uniform temporal distribution except in June 1, 2004 when a series 
of 14 events are recorded.
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Figure 4b. Magnitude and focal depth distributions for the all  the events including events located 
by Eastern Syntaxis Seismic  Experiment and NEIC catalogue data. Most of the earthquakes in 
the rift occur at shallow depth of less than 20km bsl.
3.2.2 Topographic analysis
 For topographic analysis, a series of cross profiles and swath profiles are generated east 
to west across each rift segment using ArcGIS, which allow morphology characterization. The 
profiles have been used to construct topographic swaths (Molin, Pazzaglia, & Dramis, 2004), il-
lustrating changes in relief. 
 Swath-averaged topographic  profiles can serve as a useful mean to characterize the to-
pography of the rift basin and mountain front. The difference between the maximum and minimum 
elevation is a measure of local  relief (Masek et al., 1994). Similarly, N-S oriented swath profile 
paralleling the inferred mountain fronts are also produced to assess along-strike variations in ele-
vation. Curves depicting the maximum, minimum, and average elevations within the swath and 
local relief are also constructed for visual interpretation.
 The cross profiles are used as a base to estimate the location of inferred border faults in 
each segment. The morphologic characteristic of each rift segment along the cross profile is ana-
lyzed for any asymmetry or topographic signature that indicate faulting or graben formation. The 
location of border faults are inferred and compared with the Google earth image. The inferred 
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Figure 5. The Google Earth image showing the rift viewed towards east. The fault scarp along 
eastern mountain front and minor fault scarps in the rift basin can be observed in the image of 
upper segment. The streams gets deflected to south close to the fault scarp indicating a strike-
slip component. (source: Google GeoEye, 2011)
location of fault is adjusted with the location of fault scarps and fault facets observed in Google 
earth images to get a better estimation of the location of the border faults in each segment (Fig. 
5).
3.2.3 Geomorphic Analysis
 Rivers are sensitive to tectonic deformation, the resulting change in slope and base level. 
The drainage system in a region may provide a record of the evolution of tectonic deformation 
(e.g. Ouchi, 1985; Schumm, 1986; Holbrook & Schumm, 1999; Keller & Pinter, 1999). As such, 
stream profiles were analyzed to investigate the imprint of tectonic activity on the morphology and 
the drainage system of different segments of Tsona-Chusum. 
 A stream longitudinal profile is a plot of channel length with respect to its elevation above 
sea level. According to the “graded stream” theory proposed by (Hoover Mackin, 1948), the long 
profile of streams that are in equilibrium with uplift, erosion and deposition typically are concave-
up with downstream decreasing slope. The stable concave-up shape reflects the notion that with 
the increase in peak annual discharge and decrease in grain size downstream, lower gradient is 
required to both transport the channel  alluvium (Leopold et al., 1964) and incise into bedrock. 
Deviations from such a graded profile may be an indication that the fluvial system is in the tran-
sient state of adjustment to a base level, tectonic, climatic, or rock-type perturbations (Molin et al., 
2004). 
 In particular, convex segments called knickpoints or knickzones can be investigated to 
evaluate their coincidence with tectonic perturbation at different scales, from the whole region to 
local structures such as faults. Stream longitudinal profiles (long profiles) are generated from 
DEMs to analyze shape followed by quantitative measurements of geomorphic  indices. Longitu-
dinal profiles are extracted with profiler-tools for GIS and knickpoints are defined along the longi-
tudinal profile of each stream. The results of each stream are compared with the inferred location 
of border fault in different rift segments to analyze the response of drainage system to the tecton-
ically active parts of the rift.
 Stream channels crossing spatial gradients in rock uplift may exhibit readily identifiable 
knickpoints on a longitudinal  profile. If there is active deformation in different segments of the rift 
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then we should observe knickpoints or knickzones in the profiles of streams flowing across the 
inferred border faults in each segment. 
 The quantification of the present day landscape shape and characterization of the bal-
ance between erosion and tectonics can be studied from different geomorphic indices. Following 
geomorphic indices are used in this study:
• Stream length-gradient index (SL index) 
• Valley shape index of valleys in the shoulder areas
• Drainage basin asymmetry
• Ksn steepness index
Stream length-gradient index (SL index) 
 In order to highlight gradient change and origin of knickpoints, Hack (1973) developed the 
stream length-gradient index (SL)
        
Eq.3.1
 Where !H/!L is the gradient of the stream investigated and L is the total upstream chan-
nel length from the point at which the index is being calculated to the source of the stream. SL 
index expresses stream power by representing the stream discharges through its length. The 
stream length index (SL) is effective at highlighting zones of topographic breaks along a river. The 
distribution of such breaks is influenced by at least four parameters, including: tectonic forcing 
that can induce differential uplift, baselevel fall, lithological contrasts that usually give rise to topo-
graphic breaks, and high frequency sea-level variations during the Quaternary period.
 In this study SL values are calculated for each stream flowing across the inferred fault in 
different segments of the rift to investigate tectonically induced gradient change. The SL index is 
considered a valid tool to detect local uplift as well  as the incipient local  response to regional 
processes (Troiani & Seta, 2008). SL values are used in identifying knickpoints and knickzones in 
addition to the shape of long profile and drainage area data. It is expected that there will  be sud-
den rise in the SL index values of the streams when they flow across the inferred fault.
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Drainage Basin Asymmetry
 General tilt of the landscape in response to both local and regional tectonic  deformation 
may be recorded using the methodology presented by (Gardner et. al, 1987) in the calculation of 
drainage basin asymmetry (AF),
         Eq. 3.2
 where AF is the asymmetry factor, Ar is the drainage area on the right side of the main 
drainage line of downstream channel and At is the total drainage area. If the AF value is greater 
than 50, the channel has shifted towards the downstream left side of the drainage basin, while a 
shift toward the right side of the drainage basin is indicated by a value less than 50. Drainage 
basin asymmetry indices are calculated for the main drainage basin in each segment and the 
landscape is expected to be tilted toward the border fault.
Valley shape index
 In areas of rapid uplift such as in the footwall of mountain-front faults, rivers tend to incise 
actively, which may be reflected in the cross-sectional shape of the valleys (Marple & Talwani, 
1993; Azor et al., 2002). The quantitative measurements of the valley shape are performed at 100 
m from the inferred border fault towards the mountain front. The Vf index is defined as
        Eq. 3.3
 where Vfw is the width of the valley floor. Eld-Esc is the elevation difference between the 
left valley divide and the valley floor and Erd-Esc is the elevation difference between the right val-
ley divide and the valley floor. Low Vf values (less than 2) indicates V-shaped valleys of actively 
incising streams, which are commonly associated with uplift while high Vf values reflects wider 
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valleys with a lower incision rate characteristic  of relatively low uplift region (Keller & Pinter, 
1996). 
 In this study valley shape indices are calculated using ArcGIS. A set of valleys in moun-
tain front, located 100m from the inferred border faults, were investigated to see the impact of 
stream on the morphology of the basin and to infer information about tectonic activity. It is ex-
pected that streams flowing from the mountain front will carve steep V-shaped valleys in response 
to recent uplift of topography. 
Ksn steepness index
 It has been observed that if the general topography is at steady state, the channel  slope 
along a river tends to decrease with the increase in the drainage area, defined by a power law 
between local channel gradient and contributing drainage area A (Flint, 1974):
          Eq. 3.4
 where, Ks and " are steepness and concavity indices, respectively. Upstream drainage 
area (m2) is considered a good proxy of discharge. While the concavity index shows little relation 
to rock uplift rates, the steepness index appears to be related to rock uplift rates (Wobus et al., 
2006):
          Eq. 3.5
 where K is an erosion coefficient, U is rock uplift, and 1/n is a scaling exponent. Field 
studies have shown a linear relationship of normalized steepness index ksn to uplift rates (Wobus 
et al., 2006) and erosion rates (Ouimet, Whipple, & Granger, 2009) at low values of steepness 
and erosion, consistent with n = 1. The relationship appears to become nonlinear for high erosion 
rates and steepness, with n = 2 or possibly higher (Ouimet et al., 2009).
 The steepness index is calculated by applying the method of Whipple et al. (2007). This 
new tool  allows dual interfaced and user-interactive ArcGIS-Matlab environment. The Auto KS 
import tool  and Matlab code ‘profile51_batch.m’ allows automated creation of Ksn shape file of the 
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entire stream above a specified drainage area that can be color-coded by steepness index in 
ArcGIS. It can be done by specifying a drainage area or by selecting the channel heads manually. 
In this study, Auto KS Import tool is applied to construct a steepness map of the entire drainage 
network around the inferred border fault to examine the segments of steeper slope and its corre-
lation with the inferred fault. 
 The color-coded stream segments based on Ksn enables to identify zones of high steep-
ness and to identify transients related to continued growth of the structures. Ksn values are color-
coded in geometrical statistical  values so that chromatic gradation intervals are scaled to better 
visualize changes in Ksn.
 In regions of differential uplift rates, channels with high steepness indices are expected to 
characterize the high uplift zone, while those with lower steepness indices characterize the low 
uplift zone (Snyder et al., 2000). But, if the uplift is recent, lower Ksn values are expected in the 
mountain front compared to the rift flanks, as streams are in a transient state responding to active 
deformation.
4. RESULTS
 Spatial analysis of seismic  data provides useful  information about earthquake distribution 
and earthquake depth. The earthquake distribution map (Fig. 3) shows pockets of earthquake 
swarms along the N-S trending rift (Fig. 4a). The Eastern Syntaxis Seismic Experiment located 
earthquake events in upper and middle rift segments, and have a uniform temporal distribution 
except on June 1, 2004 when around 13 events were recorded in a single day (4b). Comparisons 
of the earthquake depth between these different pockets reflect the depth of brittle deformation. 
The earthquake depth profile of the swath across Tsona-Chusum rift suggests that most of the 
events are less than 3 magnitude earthquakes that occur at less than 20km depth bsl (Fig. 4b). 
 The results of the geomorphic analysis show variations between different rift segments 
but suggest an overall pattern of active tectonic  activity. The longitudinal profiles of the streams 
are characterized by broad knickpoints, low valley shape index and sharp change in SL index 
values and Ksn values as it flow across the inferred border fault.
16
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Figure 6. The hill-shaded topographic  map of the upper segment showing the inferred border 
fault (in dashed black lines), a series of cross-sections across the rift basin (illustrated in fig 7 and 
8) and section of range parallel swath (XY).
4.1 Upper Segment
 The upper segment is a region of high seismic activity. There has been a major earth-
quake (M=7.0) in 1915 close to this rift segment and the NEIC recorded 4 earthquakes (M=5.0 to 
5.5) in the rift basin and lower section. The relocated earthquake data recorded by Eastern Syn-
taxis Seismic Experiment also identify pockets of earthquakes in the lower section of the basin 
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Figure 7. Earthquake depth profile within a buffer of 8000m along cross sections GG’ overlained 
by the topography across GG’. Earthquakes recorded by Eastern Syntaxis Seismic Experiment 
are located at less than 20km of depth. The dashed line is the estimated dip of the fault on the 
eastern flank.
G G!
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Figure 8. Topographic profiles along the E-W cross sections of upper rift segment that sample 
the topography at regular 800m intervals. The estimated rift flanks after comparison with the fault 
scarp in Google earth image are used to infer the location of range bounding fault or inferred 
Upper Eastern Border Fault.
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Figure 9. The swath profile across the upper graben (a) and parallel to the mountain front (b) in 
the upper segment. The minimum, maximum, and average elevation extracted from a suite of 
adjacent cross profile areas defined by the traces of BB’ to EE’ and XY (cross section in fig. 6). 
The local relief is computed by arithmetical  subtraction between maximum and minimum 
elevation.
a
b
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and in the northern edge of the inferred fault. The earthquake depth profile across cross section 
GG' (Fig. 6) show that all the events are located above 20km depth (Fig. 7) and are concentrated 
on the western side of the rift basin in the south of the rift segment.
 In the upper segment, the topographic analysis of cross profiles across the rift basin (Fig. 
6) shows that it is flanked by mountain fronts of ~5500m elevation on both sides (Fig. 8). Toward 
the south, the rift basin and eastern mountain front curves southwest and the profile shows the 
eastern rift flank shifting to the west (FF’ in Fig. 8).  In profiles CC’ and DD’, a steep, near vertical 
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Figure 10. The plot of smoothed stream long profiles (in blue), smoothed SL index (in red) and 
drainage area (dark grey) of the studied streams (Fig. 11) in the upper segment. The covexity in 
the profiles indicate knickpoints and knickzones described in the text. Dashed vertical  lines 
indicate the location of inferred border fault and arrow points to the location of different 
knickpoints identified along the stream.
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Figure 11. The hill-shaded topographic  map of the upper segment showing the location of studied 
streams with knickpoints. Streams labelled U_E flow from east of the drainage basin, traversing 
the mountain front and inferred Upper Eastern Border Fault (dashed lines) while U_W streams 
flows from west of the main trunk. The location of knickpoints show a good correlation with the 
inferred border fault. The straight lines in the rift basin are the minor scarps observed in the 
Google earth image.
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Figure 12. The plot of stream-length-gradient index (SL index) of the studied streams in the 
upper segment. The SL values increases considerably along the inferred border fault (dashed 
lines). The drainage area (in grey) is slightly tilted to east with 52% of drainage area on the west 
of the trunk stream.
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Figure 13. The map of normalized steepness index (ksn values) measured in the watershed of 
the streams flowing across the range and basin of the upper segment.  Green to yellow to dark 
red color scales from lowest to highest ksn values. The higher ksn values matches well with the 
inferred border fault (dashed lines)
section on the eastern rift flank is observed. 
 Google earth pro images show evidence of faulting along the mountain front on the east. 
Fault scarps that run N-S along the eastern flank of the upper segment indicates a topographic 
break caused by normal faulting. In addition, minor fault scarps are also evident in the rift basin, 
which may be a result of synthetic normal faulting. Deflection of the streams toward the south 
close to the fault scarps implies a strike-slip component of motion. 
 The east-west swath profile, derived from cross profiles BB', CC', DD' and EE' provides a 
mean elevation of ~4500m for the rift basin which rises ~800 m on the eastern part of the basin 
where the range bounding fault is inferred to be located (Fig. 9a). The mountain front parallel 
swath (XY in Fig. 6) shows an increase in mean elevation toward the north from 4800m in the 
south to 5100m in the north of the upper rift segment. The local relief is higher at ~3900m in the 
south with two 1500m spikes (at ~500m and 1500m distance from south) (Fig. 9b).
 In the upper segment, the longitudinal profiles of 13 streams that flow into the rift basin 
are studied to investigate any tectonically induced gradient changes. Ten streams (labeled U_E) 
that flow from the east down the mountain front into the rift basin and traverse the inferred Upper 
Eastern Border Fault (UEBF) are selected for investigation of tectonic  activity along the inferred 
fault. Three streams that flow from the west (labeled U_W) into the trunk stream (Fig. 10) are also 
studied to compare the geomorphic response to tectonics on both sides of the trunk channel. 
 Most of the streams on the east of the basin exhibit significant deviation from the general  
concave up shape of a long profile. Streams in the south depict broad zones of convexity in the 
profile e.g. U_E8, U_E9 & U_E10. The profiles clearly suggest a correlation between the location 
of the inferred UEBF (dashed vertical line on map) and selected knickpoints or knickzones (ar-
rows on long profile) on a number of streams, e.g. streams U_E2, U_E4, and U_E6. In several 
streams (U_E3 and U_E7) knickpoints are located downstream of the border fault (Fig. 10 & 11). 
In contrast, the streams flowing east into the main trunk stream have a general concave-up shape 
except stream U_W2 which has a knickpoint at ~4500m. 
 The plot of SL index value (raw) also demonstrates a pattern of change in gradient along 
the inferred border fault. The SL value, which ranges between 0 and 3998, has an average gradi-
ent of 369 (Table 1). The SL index increases across the inferred UEBF and streams become 
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steeper downstream (Fig. 12). The color-coded map of normalized Ksn (steepness index) also 
depicts a similar pattern. Steepness increases significantly across the inferred UEBF (Fig. 13). 
 The values of the valley shape index, measured 100m from the inferred UEBF towards 
the mountain front, are low with an average value of 1.85, and ranges between 0.99 and 2.88 
(Table 1).  The rift basin is tilted slightly towards the east, which is evident from the drainage ba-
sin asymmetry index with a larger (52%) drainage area on the west of the main trunk (Fig. 12).
4.2 Middle Segment
 Several  seismic events with magnitudes between 2 and 4 were recorded in the upper half 
of the middle segment. The depth of the earthquakes across the cross section AA' suggests shal-
low earthquakes of less than 10 km depth (Fig. 15). Most of the earthquakes are concentrated on 
the upper half of the rift. 
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Stream Mean SL 
Index Value
SL Value 
Range
Valley Shape Index Drainage Basin 
Asymmetry
U_E1 288.90 0-1971.23 2.88 -
U_E2 260.67 0-866.04 - -
U_E3 533.29 0-3702.75 2.10 -
U_E4 426.91 0-1799.99 - -
U_E5 219.38 0-1003.97 - -
U_E6 198.95 0-1082.39 - -
U_E7 574.20 0-2309.65 1.49 -
U_E8 181.53 0-591.18 - -
U_E9 222.82 0-786.64 - -
U_E10 213.44 0-1741.34 1.76 -
U_W1 329.48 0-1494.79 - -
U_W2 398.69 0-1904.17 - -
U_W3 336.00 0-3455.37 - -
MEAN 338.65 - 2.06 48.00
Table 1. The mean and range of values of different geomorphic indices in the upper segment.
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Figure 14. Hill-shaded map of middle segment showing the location of inferred Middle Western 
Border fault (in dashed black lines), the cross-section (AA’ to GG’) illustrated in Fig. 15 and 16 
and section of range parallel swath (XY) along the mountain front (illustrated in Fig. 17). 
 Based on the topographic  analysis (profiles AA' to GG' in Fig. 14) across the middle rift 
segment (Fig. 16) it can be estimated that the rift flanks are located in the west of the basin. The 
inferred Middle Western Border Fault (MWBF), which dips to the east, is ~50km long and trends 
north to southwest. Google earth image shows fault facets along the inferred MWBF.
  The elevation of the mountain front on the west drops from ~6000m to 4800m southward, 
curving to the west (Fig. 16), a pattern similar to the upper segment. The strike parallel swath pro-
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Figure 15. The earthquake depth profile of 8000m buffer along the cross section AA’. Most of the 
events occur at shallow depth of less than 10km.
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Figure 16. Topographic  profiles of middle rift segment along the E-W cross sections (Fig 14). The 
profiles sample the topography at regular 800m intervals. The arrows point to the estimated 
location of rift flanks.
file suggests that both the elevation and local relief is higher in the middle of mountain front (Fig. 
17) and decreases significantly towards the north close to the Yarlung-Tsangpo River. 
 In the middle segment, the long profiles of eight streams traversing the inferred MWBF 
are investigated (Fig. 18). Except for some streams located in the south, most of the long profiles 
display some degree of convexity in the shape. Profiles M_W1, M_W3, M_W4, and M_W6 have a 
broad zone of convexity between 4700m and 5000m (Fig. 18). The long profiles also suggest a 
correlation between the location of selected knickpoints (arrow on profile) and inferred MWBF in 
most of the streams (Fig. 19). Other knickpoints are located upstream of the inferred border fault. 
The long profile of streams M_W7 and M_W8 have a general concave-up shape, which does not 
suggest any change across the inferred fault (Fig. 18).
 The gradient index values of the streams shows a southward declining trend in convexity 
and SL values. In particular, streams M_W7 & M_W8 show lower change in SL values (Fig. 20). 
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Figure 17. The swath profile parallel to the mountain front on the west of the middle segment 
shows the variations in topography from South (left) to North (right).
a
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Figure 18. Smoothed stream long profiles (in blue), SL index (in red) and drainage area (dark 
grey steps) of the studied streams in the middle segment. The covexity in the first six profiles 
indicate knickpoints and knickzones (arrows) described in the text. For stream locations refer to 
figure 19. Vertical dashed lines show the location of inferred border fault along the stream.
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Figure 19. The hill-shaded topographic  map of the middle segment showing the location of 
studied streams with knickpoint locations. The knickpoints occur either close to the inferred 
border fault or upstream to it.
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Figure 20. The plot of SL index of the studied streams in the middle segment. The SL values 
increases across the inferred border fault although the change is less in the south. The drainage 
basin asymmetry is 53% meaning that the basin is tilted to west.
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Figure 21. The map of normalized steepness index, ksn, values measured in the north and south 
flowing watersheds of the streams flowing across the range and basin of the middle segment. 
The ksn values, especially in the northern half of the segment indicate rapid change in steepness 
of streams across the inferred border fault (black dashed lines).
SL index values decrease sharply in the upper and middle section of the rift segment across the 
inferred border fault while the change is gradual in the lower section. Furthermore, in figure 21 the 
change in steepness along each stream is obvious from the normalized Ksn map. The variations 
in the differential degree of incision is evident from the valley shape index, which is about 3.6 in 
M_W8 and less than 2.5 in the streams to the north (Table 2). 
4.3 Lower Segment
 The NEIC catalogue data suggest several >4 magnitude earthquakes in this segment and 
a major 7.7 M earthquake in 1806 (Ambraseys & Jackson, 2003). The data of Eastern Syntaxis 
Seismic experiment have not recorded any events in this segment.
 The cross section across the lower segment (Fig. 22) shows low elevation valleys on 
both the sides of the north-south trending ridge. This higher feature has an average elevation of 
~5800m (Fig. 23). The basin to the east of mountain front is relatively flat with uniform elevation of 
~4800m, whereas, the basin to the west has elevations ranging between 4000m and 4500m and 
dips towards the east. 
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Stream Mean SL Index 
Value
SL Value Range Valley Shape 
Index
Drainge Basin 
Asymmetry
Trunk 661.11 0-2343.20 - -
M_W1 699.20 0-3213.06 - -
M_W2 440.22 0-2185.34 - -
M_W3 463.25 0-3101.74 - -
M_W4 351.53 0-1543.23 2.50 -
M_W5 302.12 0-1207.40 - -
M_W6 225.50 0-1539.18 1.24 -
M_W7 239.17 0-1154.44 - -
M_W8 257.05 0-812.94 3.58
Middle 
segment
404.35 - 2.65 47.00
Table 2. The mean and range of values of different geomorphic indices in the middle segment.
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Figure 22. A Hill  shaded topographic  map of lower segment showing the location of inferred 
Lower Western Border fault (in dashed black line), the cross-sections (AA’ to FF’) illustrated in fig. 
23 and 24a and the section of range parallel swath (XY) illustrated in fig. 24b.
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Figure 23. Topographic  profiles along the E-W cross sections in the lower rift segment that 
sample the topography at regular 800m intervals.
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Figure 24. The swath profile across the upper graben (a) and parallel to the mountain front (b). 
The minimum, maximum, and average elevation extracted from a suite of adjacent cross profiles 
areas defined by the traces of (b) AA’ to GG’ and (d) XY (Fig. 22).
a
b
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Figure 25. The plot showing the smoothed stream long profile (blue), SL index (dark red) and 
drainage area (dark grey steps) of the studied streams in the lower segment. The streams 
flowing to west from the mountain front are labelled L_W and curves down to left while the profile 
of east flowing streams (L_E)  drop to right. The arrows point to the selected knickpoints and 
vertical dashed line represent the location of inferred border fault across the stream.
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Figure 26. The mapview of the knickpoint location (red circle) clearly suggest that knickpoints are 
located on both the sides of the anticlinal  feature. The stream show more convexity on the 
western flank upstream of the inferred border fault. 
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Figure 27. The hill-shaded map of lower segment with color-coded gradient index (SL value) of 
the studied streams in the lower segment shows that the gradient is higher on the western flank. 
The channel has shifted towards the downstream left side of the drainage basin due to the tilt of 
the landscape in response to local tectonic deformation.
43
Figure 28. Map view of normalized steepness index (ksn) values color-coded to show the 
steepness of the streams of watershed to the east and west of the anticlinal feature. Green to 
yellow to dark red color scales from lowest to highest ksn values. The ksn values  are higher on 
western side where the inferred border fault is located.
 In the topographic swath-averaged profile of the lower segment, the rift basin and high 
topography in the middle are mirrored by the maximum, minimum and mean elevations (Fig. 
24a). The local relief is ~1500m on the western flank of the anticlinal  feature, ~1000m higher than 
the relief in eastern flank. Additionally, the strike parallel swath profile (Fig. 24b) suggests that the 
anticlinal  feature grows toward its middle portion, peaks at an elevation of around 6200m, and 
then gradually decreases south. 
 In the lower segment, long profiles of ten streams located along the eastern and western 
flanks and flowing from the mountain front are studied to characterize the tectonic  activity along 
the rift. Most of the streams have low concavity, as seen in Fig. 25. Between the west and east 
flowing streams, the profiles of west flowing streams maintain a higher degree of convexity. The 
profiles of stream L_W1, L_W2, L_W4 and L_W5 (Fig. 25) on the western flank of the mountain 
front show a number of knickpoints and broad knickzones, which occur upstream of the inferred 
border fault (Fig. 26).  On the eastern flank, streams L_E6 and L_E8 show broad convexity in the 
profile, while the remaining streams have a general concave-up slope.
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Stream Mean SL Index 
Value
SL Value Range Valley Shape 
Index
Drainage Basin 
Asymmetry
L_W1 410.03 0-2308.70 0.79 -
L_W2 428.68 0-1733.45 0.56 -
L_W3 601.06 0-3099.90 0.82 -
L_W4 383.50 0-986.65 - -
L_W5 524.52 0-2782.95 0.71 -
L_E6 339.19 0-1799.37 - -
L_E7 201.51 0-1346.78 1.38 -
L_E8 204.66 0-1013.82 - -
L_E9 134.72 0-524.07 2.12 -
L_E10 112.02 0-560.94 - -
Lower segment 333.99 - 0.72 28.00
Table 3. The mean and range of values of different geomorphic index in the Lower segment.
 The SL plot in Fig. 27 illustrates that gradients are higher on the western flank and in-
crease towards the rift flanks. The steepness map corroborates this pattern of anomalously 
higher gradient all along the western flank of the mountain front (Fig. 28).
 The valley shape index also provides evidence of high incision on the western flank of the 
mountain front. The mean valley shape index value is 0.72, which represents a very high incision 
rate causing the valley to form a V-shape (Table 3). The calculated drainage basin asymmetry 
factor (AF) indicates that the basin of the river flowing on the western flank is tilted towards the 
inferred eastern border fault, i.e. only 28% of the drainage area lies left of the downstream trunk 
stream (Fig. 27). 
5. DISCUSSION
 The results of seismic, topographic  and stream profile analysis of Tsona-Chusum rift indi-
cates that the landscape is dominated by active tectonics acting over a variety of spatial scales. 
The evolution of the rift flank and basin is influenced by east-west crustal extension, normal  fault-
ing and associated deformation. 
5.1 Upper Segment
 The earthquake location to the west of the southern section of the rift basin may be due 
to an active normal faulting on the western flank of the rift or high angle normal faulting on the 
east which causes earthquakes at depths of ~20km with epicenters located on the west. The 
seismicity in the northern edge of the inferred border fault (~29°45') may indicate incipient rifting 
towards the north.
 The upper graben is ~50km long, and ~14 to 16km wide in the north narrowing down to 
~3 to 5km in the south near Tsangpo. The upper segment is characterized by a graben bound by 
a border fault on the east. The mean elevation of the basin decreases from 4900m in the north to 
4200m in south. The mean elevation of the mountain front on the east is lower in the south, but 
there is higher local relief in the south, which may be due to rapid incision as the stream tries to 
adjust to base level fall in the Tsangpo River. 
 The generally low concavity of the long profiles is consistent across most of the streams 
flowing down the rift flank. It is believed that stream channels crossing spatial  gradients in rock 
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uplift may exhibit readily identifiable knickpoints on a longitudinal profile. Hence, the general cor-
respondence of the location of knickpoints with inferred UEBF may suggest that streams are re-
sponding to a topographic  perturbation caused by uplift or subsidence along the inferred border 
fault.  
 Although, most of the knickpoints occur on or close to the border fault, some are also lo-
cated upstream or downstream of the border fault. Due to rapid uplift which results in a succes-
sive process of faulting, a series of knickpoints are formed which may propagate upstream. The 
occurrence of knickpoints upstream of the border fault (e.g. U_E1, U_E2, U_E4 and U_E10) may 
be related to a process of upstream migration of knickpoints due to faulting. A possible explana-
tion for the knickpoints that occur downstream of the inferred UEBF could be due to minor faulting 
in the rift basin that is in turn caused by synthetic normal faulting. The evidence of such minor 
rifting can be seen in the form of fault scarps in the rift basin (black dashed line in Google earth 
image, Fig. 5).
  Other geomorphic indices suggest that when streams traverse the inferred UEBF, in addi-
tion to lesser concavity, the streams also carve V-shaped valley and there is increase in SL value. 
The V-shaped valleys in the upper segment suggest active uplift that recently created higher to-
pography, as streams have not been able to adjust to this uplift, hence the convexity in long pro-
file. 
 In such a case lithology does not seem to play a major role in affecting the stream re-
sponse as streams are rapidly incising and carving steep valleys along the mountain front. Rela-
tively recent higher topography is the only means to produce such a condition where there is 
rapid incision coupled with convexity in the stream profile. Therefore, considering no lithological 
control  on the stream response, the higher SL index, convexity and other geomorphic indices 
suggest active tectonic deformation in the form of either uplift of the footwall  and/or subsidence of 
the hanging wall due to east-west extension of Tibetan plateau. 
 Although there may be normal faults and tectonic activity in the west, the lack of any 
stream traversing the inferred location of rift flank prevented similar stream profile analysis and 
restricted this study to investigation of only the border fault to the east of the upper segment.
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5.2 Middle Segment
 The depth and distribution of earthquakes suggest that the northern half of the middle 
segment is seismically active. The shallow earthquakes at the northern edge of the inferred fault 
may indicate incipient rifting in this area. Such a concentration of seismicity at shallow depth on 
the northern edge of this segment suggest incipient rifting towards north.
 The graben in the middle segment is ~55km long and 11 to 20 km-wide basin. The mean 
elevation of the mountain front bounding the western flank is ~5200m in the northern and middle 
section and decreases to ~4900m in the south. The local relief in the middle section is ~500m 
higher than southern section of middle segment.
 The influence of tectonics on the drainage pattern of the western flank is evident from the 
convexity of the stream long profiles and SL index. The stream long profiles depict broad knick 
zones that correspond with the inferred MWB fault. The northern section of this segment shows 
breaks in the channel slope and gradient in the form of knickpoints and knickzones, reflecting a 
break in topographic  slope. The knickpoints are either located close to or upstream of the inferred 
border fault, suggesting active tectonics across the border fault. Similar to the case in the upper 
segment, the upstream location of knickpoints may result from upstream migration of knickpoints 
from the border fault. 
 The convexity of the long profiles seems to be affected by the local relief and increases 
north with a corresponding increase in relief. The results of the topographic  and geomorphic indi-
ces provide evidence that the northern section is undergoing relatively more tectonic  deformation. 
In the south, streams have few knickpoint in the upper reach of streams but do not present any 
substantial break in channel slope and gradient.
5.3 Lower Segment
 The lower graben is ~80km long and widens from ~2 to 5 km in the north to 8-10km in 
south. The topography is dissected by south draining streams on the western side and steepens 
south in the lower segment. The results of the geomorphological study of the lower segment also 
suggest that areas along the western flank of the mountain front are characterized by a tectonic 
morphology with straight mountain fronts, convex stream long profiles, high SL index values, and 
V-shaped valleys. Additionally, a straight river that flows along the western border fault may be a 
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response to faulting. The upstream location of knickpoints could be related to knickpoint migration 
from the faulting along the border fault.
  The drainage basin asymmetry index further indicates that the stream has shifted down-
stream right to flow along the mountain front. This shift of the channel  can imply tilting of the rift 
basin due to basin subsidence or footwall uplift resulting in the formation of a half graben. These 
geomorphic indices are evidence of higher tectonic activity and the location of the border fault on 
the western flank of the mountain front. Comparatively, the western flank has more uniform eleva-
tion and profiles that, with few exceptions, are more concave-up in shape. 
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Figure 29. The stream long profile of the Tsangpo river is uniformly flat to the west of the 
Tsona-Chusum rift, and drops ~350m causing a huge knickpoint, which is also evident from the 
sharp rise in the SL index value (top). The Tsangpo knickpoint occurs downstream to the point 
where the streams flowing from the upper and middle segments plunge into Tsangpo (bottom, 
inset).
 The breaks in stream long profiles in the form of knickpoints and knickzones and gradient 
index (SL) can also be influenced by other parameters including lithological contrasts and up-
stream migration of knickpoints from a major river in the region.
 The morpho-tectonic analysis of Tsona-Chusum rift indicates that the break in channel 
profiles and differential  gradient are caused by local  tectonic deformation and not related to any 
regional tectonic factor such as knickpoint migration from the Tsangpo River.  Although there is a 
large knickpoint in Tsangpo, which demarcates Tibet into zones of low relief on the west from 
higher relief on the east, this knickpoint occurs downstream from the point the streams flowing 
from the upper and middle segments plunge into Tsangpo.  Thus, these segments are not yet 
affected by this topographic break (Fig. 29b)
 Previous studies have posited that lithological contrasts influence the SL index (Hack, 
1957; Kirby et al., 2003; Harkins et al., 2005). However, Brookfield (1998) argued that the devel-
opment of large rivers draining the Himalayas show no evidence of lithological  control and sud-
den changes in river gradients are caused by tectonics or by river capture. Similarly, (Font, 
Amorese, & Lagarde, 2010)’s study of the Normandy Intraplate area found no correlation be-
tween the various stratigraphic  units and the computed SL values. They concluded that bedrock 
lithology such as differences in erodibility have no significant influence on SL values. In this study, 
the gneiss dome in the middle segment does not influence the shape of long profile and SL index 
values.
6. CONCLUSION
 In general, the non-equilibrium state of rivers in different rift segments indicates that 
streams have not yet adjusted to the topographic  difference between the fault and the rift floor. 
The uplift of a surface with respect to the base level of the stream provides the streams with in-
creased potential energy and steeper gradients, leading to rapid incision of the surface.  Most of 
the streams cut V-shaped valleys, have high rates of incision, high SL values and convexity of 
profiles in different segments, all  demonstrating that streams did not have sufficient time to adjust 
to the rapid uplift caused by mountain front uplift and/or subsidence of the graben. The results of 
the morpho-tectonic  analysis of the different rift segments suggest that the 225km long Tsona-
Chusum rift is tectonically active. 
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Figure 30. The map showing the extension direction of three rift segments (top). The border faults 
dip towards west in the lower, east in the middle and switches back to east dipping fault in the 
upper segment. The rift system changes from orthogonal to extension direction in the lower to 
moderately oblique (northeasterly) in the upper segment. The shematic diagram (bottom) 
showing the localization of the collisional  stresses (thick black arrow) along the southern part of 
the Himalayan arc, blue arrow suggest the principal stress trajectories produced in Tibetan 
plateau. Black think arrows are the estimated direction of GPS vectors (based on Zhang et al., 
2004).
 The shape of the normal  faulting indicate tectonic deformation operating in Tibet. Due to 
the continued advancement of Indian crust into Tibet and resultant east-west extension, the Ti-
betan plateau is characterized by approximately north striking normal faults and kinematically 
linked strike-slip faults. It is believed that the strike of normal faults in Tibet fan systematically 
from a northwesterly to northeasterly direction from west to east (P. Kapp & Guynn, 2004).
 The geometry of Tsona-Chusum rift suggests that it strikes more easterly than an arc-
normal orientation. It has segmented rift border faults that change polarity and dips towards the 
west in the lower segment, east in the middle portion, and back to west in the upper segment 
(Fig. 30a). The rift system changes from orthogonal in the lower segment to moderately oblique in 
the upper segment. Accommodation zone (transfer zone) between different segments may be 
formed by interlocking arrays of oppositely dipping faults.
 The northeasterly pattern of the Tsona-Chusum rift can be attributed to collisional 
stresses along the Himalayan arc  and due to the inward arc-normal pressure applied along the 
central  part of outer arc. This reflects the collisional stresses localized along a southern part of 
the Himalayan arc (Kapp & Guynn, 2004). Furthermore, the obliquity of rifting in the upper seg-
ment can be related to the crustal deformation involving the eastward transfer of crustal material, 
which flows southward around the eastern end of the Himalayas making a clockwise rotation 
around the Eastern Himalayan Syntaxis (Sol et al., 2007). The GPS data (Fig. 30b) indicates that 
a pronounced change in ground motion is accommodated within the Eastern Himalayan Syntaxis 
where north directed motion of India is translated into southeast-directed motion of Southeast 
Asia (Zhang,  et al., 2004)
 Tsona-Chusum may be an early manifestation of larger rift systems and its geometry and 
tectonics may provide snapshots of the early stages of extension applicable to the evolution of 
other rift systems in Tibetan plateau. It is proposed that Tibetan rifts initiate as a high-angle nor-
mal fault and half-graben or graben basin systems and evolve in response to increasing exten-
sion and associated tectonic  activity, which may include extension of the basin, isostatic rebound 
(due to tectonic unloading), and back rotation of footwall as observed in other rift systems in Ti-
bet.
51
REFERENCES CITED
Ambraseys, N., & Jackson, D. (2003). A note on early earthquakes in northern India and southern 
Tibet. Current Science, 84, 4, 570. 
Armijo, Rolando, Tapponnier, Paul, Mercier, J. L., & Tong-Lin, H. (1986). Quaternary Extension in 
Southern Tibet: Field Observations and Tectonic Implications. Journal of Geophysical 
Research, 91(B14), 13,803-13,872. 
Armijo, Rolando, Tapponnier, Paul, & Tonglin, H. (1989). Late Cenozoic  Right-Lateral  Strike-Slip 
Faulting in Southern Tibet. Journal of Geophysical Research, 94(B3), PP. 2787-2838. 
Azor, A., Keller, E. A., & Yeats, R. S. (2002). Geomorphic indicators of active fold growth: South 
Mountain-Oak Ridge anticline, Ventura basin, southern California. Geological Society of 
America Bulletin, 114(6), 745-753. 
Cogan, M. J., Nelson, K. D., Kidd, W. S. F., Wu, C., & Team, P. I. (1998). Shallow structure of the 
Yadong-Gulu rift, southern Tibet, from refraction analysis of Project INDEPTH common 
midpoint data. Tectonics, 17(1), 46-61. 
DeMets, C., Gordon, R. G., Argus, D. F., & Stein, S. (1994). Effect of recent revisions to the geo-
magnetic  reversal  time scale on estimates of current plate motions. Geophysical  Re-
search Letters, 21(20), 2191-2194. 
Edwards, M. A., & Harrison, T. M. (1997). When did the roof collapse? Late Miocene north-south 
extension in the high Himalaya revealed by Th-Pb monazite dating of the Khula Kangri 
granite. Geology, 25(6), 543 -546. 
England, P., & Houseman, G. (1989). Extension During Continental Convergence, With Applica-
tion to the Tibetan Plateau. Journal of Geophysical  Research, 94(B12), PP. 17,561-
17,579. 
Font, M., Amorese, D., & Lagarde, J. L. (2010). DEM and GIS analysis of the stream gradient 
index to evaluate effects of tectonics: The Normandy intraplate area (NW France). Geo-
morphology, 119(3-4), 172-180. 
Guo, Z. T., Ruddiman, William F., Hao, Q. Z., Wu, H. B., Qiao, Y. S., Zhu, R. X., Peng, S. Z., et al. 
(2002). Onset of Asian desertification by 22 Myr ago inferred from loess deposits in 
China. Nature, 416(6877), 159-163. 
Harrison, T. M., Copeland, P., Kidd, W. S. F., & Yin, A. (1992). Raising Tibet. Science, 255(5052), 
1663-1670. 
Hoover Mackin, J. (1948). Concept of the Graded River. Geological Society of America Bulletin, 
59(5), 463 -512. 
Kapp, P., & Guynn, J. H. (2004). Indian punch rifts Tibet. Geology, 32(11), 993 -996. 
Kapp, P., Taylor, M., Stockli, D., & Ding, L. (2008). Development of active low-angle normal fault 
systems during orogenic collapse: Insight from Tibet. Geology, 36(1), 7-10. 
Kearey, P., Klepeis, K. A., & Vine, F. J. (2009). Global tectonics. Wiley-Blackwell.
Keller, E., & Pinter, N. (1996). Active tectonics!: earthquakes, uplift, and landscape. Upper Saddle 
River  N.J.: Prentice Hall.
52
Larson, Kristine M., Bürgmann, Roland, Bilham, Roger, & Freymueller, J. T. (1999). Kinematics of 
the India-Eurasia collision zone from GPS measurements. Journal of Geophysical Re-
search, 104(B1), 1077-1093. 
Leopold, L., Wolman, M. G., & Miller, J. P. (1964). Fluvial processes in geomorphology. San Fran-
cisco: W.H. Freeman.
Marple, R. T., & Talwani, P. (1993). Evidence of possible tectonic  upwarping along the South 
Carolina coastal  plain from an examination of river morphology and elevation data. Geol-
ogy, 21(7), 651-654. 
Masek, J. G., Isacks, B. L., Gubbels, T. L., & Fielding, E. J. (1994). Erosion and tectonics at the 
margins of continental plateaus. Journal  of Geophysical Research, 99(B7), 13,941-
13,956. 
Mercier, J. L., Armijo, Rolando, Tapponnier, Paul, Carey-Gailhardis, E., & Lin, H. T. (1987). 
Change from Late Tertiary compression to Quaternary extension in southern Tibet during 
the India-Asia Collision. Tectonics, 6(3), PP. 275-304. 
Molin, P., Pazzaglia, F. J., & Dramis, F. (2004). Geomorphic  expression of active tectonics in a 
rapidly-deforming forearc, Sila massif, Calabria, southern Italy. Am J Sci, 304(7), 559-
589. 
Molnar, P., & Lyon-Caent, H. (1989). Fault plane solutions of earthquakes and active tectonics of 
the Tibetan Plateau and its margins. Geophysical Journal International, 99(1), 123-154. 
Molnar, P., & Tapponnier, Paul. (1978a). Active Tectonics of Tibet. Journal of Geophysical Re-
search, 83(B11), 5361-5375. 
Ni, J., & York, J. E. (1978). Late Cenozoic  Tectonics of the Tibetan Plateau. Journal  of Geophysi-
cal Research, 83(B11), 5377-5384. 
Ouimet, W., Whipple, K. X., & Granger, D. E. (2009). Beyond threshold hillslopes: Channel ad-
justment to base-level fall in tectonically active mountain ranges. Geology, 37(7), 579-
582.
Paige, C. C., & Saunders, M. A. (1982). LSQR: An Algorithm for Sparse Linear Equations and 
Sparse Least Squares. ACM Transactions on Mathematical Software (TOMS), 8, 43–71. 
Paul, J., Bürgmann, R., Gaur, V. K., Bilham, R., Larson, K. M., Ananda, M. B., Jade, S., et al. 
(2001). The motion and active deformation of India. Geophysical Research Letters, 28(4), 
647-650. 
Rothery, D. A., & Drury, S. A. (1984). The neotectonics of the Tibetan Plateau. Tectonics, 3(1), 19-
26. 
Ruddiman, W. F., & Kutzbach, J. E. (1989). Forcing of Late Cenozoic Northern Hemisphere Cli-
mate by Plateau Uplift in Southern Asia and the American West. Journal of Geophysical 
Research, 94(D15), 18,409-18,427. 
Smith, G. A., McIntosh, W., & Kuhle, A. J. (2001). Sedimentologic  and geomorphic evidence for 
seesaw subsidence of the Santo Domingo accommodation-zone basin, Rio Grande rift, 
New Mexico. Geological Society of America Bulletin, 113(5), 561 -574. 
Sol, S., Meltzer, A., Bürgmann, R., van der Hilst, R. D., King, R., Chen, Z., Koons, P. O., et al. 
(2007). Geodynamics of the southeastern Tibetan Plateau from seismic anisotropy and 
geodesy. Geology, 35(6), 563 -566. 
53
Strahler, A. (1952). Dynamic basis of geomorphology. New York.
Tapponnier, P., Mercier, J. L., Armijo, R., Tonglin, H., & Ji, Z. (1981). Field evidence for active 
normal faulting in Tibet. Nature, 294(5840), 410-414. 
Tapponnier, Paul, & Molnar, P. (1977c). Active Faulting and Tectonics in China. Journal  of Geo-
physical Research, 82(20), 2905-2930. 
Troiani, F., & Della Seta, M. (2008). The use of the Stream Length-Gradient index in morphotec-
tonic analysis of small catchments: A case study from Central Italy. Geomorphology, 
102(1), 159-168. 
Waldhauser, F., & Ellsworth, W. L. (2000). A Double-Difference Earthquake Location Algorithm: 
Method and Application to the Northern Hayward Fault, California. Bulletin of the Seis-
mological Society of America, 90(6), 1353-1368. 
Wang, Q., Zhang, P. Z., Freymueller, J. T., Bilham, Roger, Larson, Kristine M., Lai, X., You, X., 
(2001). Present-Day Crustal Deformation in China Constrained by Global  Positioning 
System Measurements. Science, 294(5542), 574 -577. 
Wobus, C., Whipple, K. X., Kirby, E., Snyder, N., Johnson, J., Spyropolou, K., Crosby, B., et 
al.(2006). Tectonics from topography: Procedures, promise, and pitfalls. Special  papers, 
(398), 55-74.
Yin, A., & Harrison, T. Mark. (2000). Geologic Evolution of the Himalayan-Tibetan Orogen. Annual 
Review of Earth and Planetary Sciences, 28(1), 211-280. 
Yin, A., Harrison, T. Mark, Ryerson, F. J., Wenji, C., Kidd, W. S. F., & Copeland, Peter. (n.d.). Ter-
tiary structural evolution of the Gangdese thrust system, southeastern Tibet. Journal of 
Geophysical Research, 99(B9), 201. 
Yin, A., Kapp, P. A., Murphy, M. A., Manning, C. E., Mark Harrison, T., Grove, M., Lin, D., et al. 
(1999). Significant late Neogene east-west extension in northern Tibet. Geology, 27(9), 
787 -790. 
Zhang, P. Z., Shen, Z., Wang, M., Gan, W., Bürgmann, Roland, Molnar, P., Wang, Q., et al. 
(2004). Continuous deformation of the Tibetan Plateau from global positioning system 
data. Geology, 32(9), 809 -812. 
Zhisheng, A., Kutzbach, John E., Prell, W. L., & Porter, S. C. (2001). Evolution of Asian monsoons 
and phased uplift of the Himalaya-Tibetan plateau since Late Miocene times. Nature, 
411(6833), 62-66. 
54
CURRICULUM VITAE
Academic Qualification_________________________________________________________
In progress: M.S. in Earth & Environmental  Sciences from Department of Earth & Environmental 
Science, Lehigh University, Bethlehem, PA, USA 
September 2005: M.Phil. In Geography from Department of Geography, Himachal Pradesh Uni-
versity, Shimla, India
September 2003: M.A. in Geography from Department of Geography, Himachal  Pradesh Univer-
sity, Shimla, India
August 2000: B.A. in Geography from Kirori Mal College, University of Delhi, India
Professional Experience________________________________________________________
September ’07- July '09: Researcher and Community Officer, GeoHazards International, based in 
India.
August ’04-August ’07: Member of the Central Executive Committee of Tibetan Youth Congress, 
and Assistant Editor of quarterly English magazine ‘Rangzen’.
April ’02-April ’04: Executive member of Regional Tibetan Youth Congress, Shimla.
Other Skills and Qualifications___________________________________________________
55
Gold Medallist for standing first in M.A. Geography (2003) from H.P. University. The achievement 
was duly appreciated by Tibetan Parliament in Exile (Tibetan Government in Exile)
Previous research includes: A Report on 1905 Kangra Earthquake and Dharamshala; a study of 
the Spatial  Literacy Pattern of Tibetan Refugees; Status of women in China and Tibet (in re-
sponse to China’s White Paper on Gender Equality); and co-authored a book entitled Tibet: the 
Gap between Fact and Fabrication (TYC 2005).
Tsering Dhundup (Mr.)
Department of Earth & Environmental Sciences,
1 West Packer Ave., 
Bethlehem, PA-18015, USA
tsd209@lehigh.edu
56
